ABSTRACT: This study uses five well-documented cranial nonmetric traits (glabella, mastoid process, mental eminence, supraorbital margin, and nuchal crest) and one additional trait (zygomatic extension) to develop a validated decision tree for sex assessment. The decision tree was built and cross-validated on a sample of 293 U.S. White individuals from the William M. Bass Donated Skeletal Collection. Ordinal scores from the six traits were analyzed using the partition modeling option in JMP Pro 12. A holdout sample of 50 skulls was used to test the model. The most accurate decision tree includes three variables: glabella, zygomatic extension, and mastoid process. This decision tree yielded 93.5% accuracy on the training sample, 94% on the cross-validated sample, and 96% on a holdout validation sample. Linear weighted kappa statistics indicate acceptable agreement among observers for these variables. Mental eminence should be avoided, and definitions and figures should be referenced carefully to score nonmetric traits.
KEYWORDS: forensic science, forensic anthropology, sex estimation, skull, decision trees, nonmetric traits Accurate sex estimation of skeletal remains in forensic anthropology cases relies heavily upon the repeatability and precision of the methods. Nonmetric traits are a useful option for determining sex because the traits can be assessed easily and quickly without equipment (1, 2) . Morphoscopic traits also provide a means for determining sex when metric analyses are not possible due to fragmentation, trauma, or the lack of an appropriate reference sample. Nonmetric traits are assessed visually according to an ordinal scoring system that encompasses the range of trait expression between males and females. Nonmetric traits have been shown to be accurate across demographics, and have thus become readily employed in sex estimation (3) . Nonmetric methods have been criticized as being more subjective than metric techniques, but researchers have tightened up scoring systems, applied statistical treatments to the ordinal scores, and provided data on observer agreement to increase the rigor of these methods (4) (5) (6) (7) (8) . Geometric morphometric investigations of morphoscopic skeletal features have also provided evidence of the capacity of these traits for accurately assessing sex (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Nonmetric traits of the pelvis are favored for sex estimation because of the high degree of sexual dimorphism in human pelvic morphology. The Phenice (18) traits are the most widely employed suite of nonmetric pelvic traits. The scoring system for the Phenice method was revised recently, and logistic regression equations were implemented that provide probability estimates from the scores (5) . Researchers have also documented the degree of sexual dimorphism in single traits such as the ventral arc (19) and greater sciatic notch (20) , and these assessments are used frequently in conjunction with the Phenice traits.
However, many forensic cases consist of an incomplete skeleton and often only a cranium is recovered and sent to a forensic anthropologist for analysis (16) . If the cranium is fragmentary or unsuitable for metric analyses, nonmetric traits are a useful alternative for determining sex. While many cranial traits can be used to distinguish males from females, forensic anthropologists tend to rely on five well-documented traits: glabella, mastoid process, mental eminence, supraorbital margin, and nuchal crest. These traits were introduced by Broca in 1875 (21) and modified into an ordinal scoring system with accompanying diagrams in 1970 by Acs adi and Nemesk eri (22) . Their scoring method was based on a European sample and ranged from "À2" to "+2," with "À2" representing the hyperfeminine condition, "+2" representing the hypermasculine condition, and "0" representing the indeterminate or androgynous expression. The scoring system was further modified by Walker and published in Standards for Data Collection from Human Skeletal Remains (23) where it has received wide use by forensic practitioners.
Walker designed the system to encompass the extremes he observed in a worldwide sample of skulls to include a subset of Londoners with deaths that dated from the 16th and 17th centuries (7) . The method includes schematic drawings and written descriptions of a five-category scale for the glabella, nuchal crest, mastoid process, supraorbital margin, and mental eminence. A score of "1" represents the most gracile expression of the trait associated with females, and a score of "5" represents the most robust expression of the trait associated with males. Walker (7) performed a validation study of the scoring method on a modern British and nineteenth century U.S. sample using a variety of multivariate methods. He found that a logistic regression discriminant analysis performed the best, correctly classifying 88% of the modern skulls with a negligible sex bias of 0.1%. Stevenson et al. (24) used the Walker traits to produce decision trees using a chi-square automatic interaction detection approach. Stevenson et al. (24) used Walker's (7) data to design the decision trees: 304 individuals from the late 19th and early 20th century Hamann-Todd Osteological Collection and Robert J. Terry Anatomical Collection plus mid-18th century skulls from St. Bride's Church in London. The decision tree accuracy rates ranged from 75% to 80%, and the highest accuracy resulted from a combination of glabella, mental eminence, and mastoid size.
Walker (7) and Stevenson et al.'s (24) quantifications using five cranial traits demonstrate that not all traits are equally reliable for assessing sex from the skull, and methods must weight traits accordingly (3) . Recent research suggests that some traits (e.g., glabella and mastoid) consistently outperform others (e.g., nuchal crest and mental eminence), likely because the scoring system does not represent the extent of variation in some features (3) . Features that are highly variable and difficult to score lead to low observer agreement, which significantly impacts method accuracy and reliability and makes them unsuitable for forensic application (6) . Traits with the highest interobserver agreement are accompanied by clear definitions of scoring descriptions, as well as illustrations and images (8) . The glabellar region is consistently selected as a reliable and highly dimorphic variable (3, 9, 16, 24) . On the other hand, mental eminence is the trait with the most variability in expression and the lowest observer agreement regardless of experience level of the observer (6) . Therefore, Lewis and Garvin (6) recommend using population-specific equations that avoid the mental eminence completely. This recommendation is problematic for Walker's (7) logistic regression equations, as four of the six equations utilize the mental eminence.
Rogers (25) conducted an extensive review of 17 morphological skull features, 13 of which had been previously described by Krogman (26) . The zygomatic extension, nasal aperture shape, malar size/rugosity, and supraorbital ridge (e.g., glabella) had the highest combined accuracy and precision with a correct classification rate of over 90%. The zygomatic extension is also referred to as the suprameatal or supramastoid crest and was introduced as a variable by Keen (27) . Keen (27) identified variation in the length of the extension of the zygomatic arch over the external auditory meatus and the robustness of the posterior root of the zygomatic bone in males and females. The typical presentation of the male zygomatic root was noted as continuous with the supramastoid crest and terminating into the temporalis line, which suggests that the trait expression correlates with the development of the dimorphic temporalis muscle (25, 27) . Females generally exhibit more gracile muscle attachment sites and lack an extension of the zygomatic root (25, 27, 28) . Based on the literature, we hypothesize that the zygomatic extension will provide higher accuracy rates and better observer agreement than the mental eminence.
It is worth considering that the five Walker traits may not be the most accurate combination of sexually dimorphic traits for assessing sex from the skull for modern populations. Secular change in cranial dimensions in U.S. skeletons has been documented extensively in the literature with warnings that methods developed from nonmodern anatomical collections may not be applicable to modern samples (29) (30) (31) (32) . Furthermore, recent research has documented a decrease in the size of glabella in males and females, an enlarged nuchal crest in modern females, and an overall increase in the sexual dimorphism of the supraorbital margin compared to earlier birth cohorts (33) . This work underlines the importance of building predictive models on appropriate reference samples for the target population. Walker (7) and Stevenson et al.'s (24) methods were developed on late 19th and early 20th century U.S. populations and 18th century British populations, and the models are not appropriate for modern populations.
In summary, the body of research suggests that Walker's fivetrait scoring method for sex estimation from the skull may not be the most suitable method for forensic applications. Studies have demonstrated the need to eliminate highly variable traits with low interobserver consistency, weight traits according to their degree of dimorphism and predictive power, and include other highly dimorphic cranial traits. Furthermore, changes in skeletal morphology over time prescribe using modern reference samples to develop forensic methods. The present study provides a decision tree based on three reliable cranial nonmetric traits that is appropriate for use on a modern population, specifically U.S. Whites.
Methods
Six nonmetric traits were scored on 149 female and 144 male modern U.S. White crania and mandibles from the William M. Bass Donated Skeletal Collection at the University of Tennessee (n = 293). A separate validation sample of 50 individuals (i.e., a holdout sample) was also scored by one observer (Observer 1) to test the study results. The William M. Bass Collection is represented largely by self-donated individuals with birth years ranging from the early to recent 20th century. Individuals under the age of 20 were excluded from the study sample to ensure that the skeleton had attained adult morphology and expressed mature levels of sexual dimorphism.
Five cranial traits were scored according to the descriptions in Buikstra and Ubelaker (23) (nuchal crest, mastoid process, supraorbital margin, glabella, and mental eminence) ( Table 1) . Zygomatic extension was also assessed (25, 27) . This variable was modified to a five-scale ordinal scoring system to complement the Walker scoring based upon descriptions made by Rogers (25) and Keen (27) , and observations made by the authors at the William M. Bass Collection assessing the range of variation in zygomatic expression. Prior to conducting this study, a sample of 106 individuals was visually assessed to observe the range of morphological variation in this variable and define the scoring criteria. The zygomatic extension was scored according to its robusticity and extension length in relation to the external auditory meatus and mastoid (Fig. 1) . A "1" indicates the most gracile expression and "5" the most robust expression of a trait.
Data collection was performed blind with the sex and age of each individual kept unknown to the observer to control for bias. The skulls were scored initially by an observer with less than one year of experience with osteology and human skeletal variation (Observer 1). A subset of 50 of the skulls used to build the model (n = 293) were also scored by two more experienced observers with over 10 years of experience in osteology (Observer 2 and Observer 3) to compare novice and experienced observers and evaluate possible effects of training differences. Interobserver agreement was calculated using a linear weighted kappa for each of the six traits (nuchal crest, mastoid process, supraorbital margin (SOM), glabella, mental eminence, and zygomatic extension).
Decision trees were used to assess the performance of the six nonmetric traits in sex estimation, while also testing the validity of each variable. Classification and regression trees (CART) are partitioning methods that are often used as initial data mining steps in research analyses. Decision trees are also useful tools for constructing classification systems based on categorical variables. The algorithms utilized to design decision trees are able to handle data with multiple predictor variables and provide results that are easily visualized and interpreted. Most statistical software packages also provide the associated probabilities and accuracy rates generated via a classification matrix. The output is in the form of a flowchart; therefore, once a predictor variable is chosen to split the data and create a branch, it remains available for future divisions within the model. This is a novel way to examine the validity of nonmetric variables and a useful tool for sex estimation.
Decision trees are also useful when analyzing data that are not normally distributed as this type of analysis does not require normality. The other benefit of using a decision tree model to analyze data is that the researcher has the autonomy to specify the independent variable used to form a tree branch, rather than relying on statistical significance alone, which may not produce the most accurate model. Using only statistical significance determined by a program alone may provide arbitrary or meaningless results (34) . The final product is a profit matrix that illustrates the correct classification associated with each branch of the tree. The simple flowchart schematic is easy to interpret and employ.
The decision tree model generated in this study was built and cross-validated using the sample of 293 U.S. White individuals. Ordinal scores of the six nonmetric traits were analyzed using the partition modeling option in JMP Pro 12. This statistical approach builds a decision tree model to estimate the dependent variable, in this case whether the individual is male or female. The data used to build the decision tree model (n = 293) were partitioned into a training sample (n = 209) and a cross-validation sample (n = 84). The six scored variables served as the independent variables, and the decision tree algorithm selected the most statistically significant variables for estimating sex. Multiple iterations of the partition approach were run to assess the accuracy of the model on the training and cross-validation samples. During this process, the selected variables were manually reordered based on the accuracy rates provided by the statistical software in order to select the model with the most accurate classification.
Additionally, a validation study on a holdout sample of 50 skulls (25 males and 25 females) was performed using the flowchart generated from the cross-validated training sample (n = 293). The holdout sample (n = 50 skulls) used in the validation study was not included in the dataset used to build the decision tree (n = 293). Observer 1 scored each cranium in the holdout validation sample (n = 50) following the directions of the flowchart to arrive at an estimate of male or female. The estimate was then compared to the actual sex of the individual to assess the predictive performance of the flowchart.
Results
Landis and Koch's (35) criteria for evaluating the strength of observer agreement measured by kappa scores indicate fair to moderate agreement between all observers for all variables except the mental eminence and one other instance discussed Nuchal crest View the lateral profile of the occipital and compare it with the diagrams. Feel the surface of the occipital with your hand and note any rugosities on its surface. The important feature to consider in scoring this trait is the development of bone on the external surface of the occipital associated with the attachment of the nuchal muscles. Ignore the contour of the underlying bone (e.g., the presence or absence of an occipital bun in scoring this trait.
The external surface of the occipital is smooth with no bony projections visible from when the lateral profile of the occipital is viewed.
A massive nuchal crest that projects considerable distance from the bone and forms a well-defined ledge or hook of bone.
Mastoid process Score this feature by comparing its size with that of surrounding structures such as the external auditory meatus and zygomatic process of the temporal bone. Mastoid processes vary considerably in their proportions. The most important variable to consider in scoring this trait is the volume of the mastoid not its length.
A very small mastoid process that projects only a small distance below the inferior margins of the external auditory meatus and the digastric groove.
A massive mastoid process with lengths and widths several times that of the external auditory meatus.
Orbital margin Hold your finger against the margin of the orbit in the area lateral to the supra-orbital foramen. Look at each of the diagrams to determine which diagrams it feels like it matches most closely.
Extremely sharp, border feels like the edge of a dull knife.
A thick rounded margin with a curvature that approximates that of a pencil.
Glabella
View the cranium from its lateral side and compare the profile of the glabella/supraorbital area with the profiles in the diagrams.
The contour of the frontal is smooth with little or no projection in the glabellar area.
The glabella and/or supra-orbital ridge are massive and from a rounded loaf shaped projection.
Mental eminence Hold the mandible between your thumbs and your index fingers with your thumbs on either side of the mental eminence. Move your thumbs medially so that they delimit the lateral borders of the mental eminence.
Area of the mental eminence is smooth. There is little or no projection of the mental eminence above the surrounding bone.
A massive mental eminence that occupies most of the anterior portion of the mandible.
below ( Table 2 Conversations with observers after scoring revealed that the low agreement for mastoid process between observers 1 and 2 was due to the fact that Observer 2 was scoring mastoid size based solely on the length and observers 1 and 3 were basing the score on length and volume. The description (see Table 1 ) states that the most important variable is the volume, and not its length, thus the discrepancy between these observers on this trait. Interobserver agreement values for the mental eminence are uniformly low. Low agreement for the nuchal crest between observers 1 and 2 also indicates possible issues with the description of this trait; however, this variable was not selected by any of the decision tree models in this analysis. The most accurate tree generated from the partition modeling option in JMP Pro 12 contains the glabella, zygomatic extension, and mastoid process. The flowchart provided in Fig. 2 reflects the most accurate decision tree and can be used to begin the process of sex estimation. These traits are illustrated for scoring purposes in Fig. 3 . Figure 4 shows the probabilities associated with each step of the decision tree. The decision tree starts with the researcher assessing if the glabella is above or below the cutoff value of 4. If the glabella is extremely robust (a more masculine expression) and above or equal to a 4, then the zygomatic extension is scored. If the zygomatic extension is ≥3, then the sample has a high probability of being male (0.96, see Fig. 4 ) and the researcher can stop scoring. On the other hand, if the zygomatic extension is gracile and less than 3, the skull still has Table 1 and zygomatic extension in LANGLEY ET AL. . NONMETRIC SEX ASSESSMENT FROM THE SKULL 35 a fairly high probability of being female (0.75) because the zygomatic extension is weighted more heavily in the sex estimation in this iteration of the decision tree model.
As another example, if the glabella score is less than 3, the observer moves on to assess the zygomatic extension. If the zygomatic extension score is less than 3, then the skull sample has an extremely high probability of being female (0.98), and the researcher can stop scoring. On the other hand, if the zygomatic extension is robust with a score ≥3, then the researcher continues on to score the mastoid process. A mastoid score less than 4 gives a fairly high probability of being female (0.73). However, a mastoid score ≥4 also gives a probability of being female in this case (0.69) because the glabella score is more heavily weighted.
Overall, the training sample (n = 209) provided a total of 93.5% correct, with the female estimate at 96% and the male estimate at 91% accuracies ( Table 3) . The cross-validated sample (n = 84) provided a higher correct classification rate of 98% for females and 90% for males, with an overall correct classification percentage of 96% (Table 3 ). These findings are encouraging evidence that the data and model have not been over fit and are not falsely producing high accuracy percentages. The holdout sample of 50 skulls that were not used to build the model showed an overall correct classification of 96% with no incorrect classifications for females (100% correct) and 92% correct classification for males ( Table 3 ). The high correct classification percentages reported with the independent validation sample are encouraging, but larger studies are needed to substantiate these results.
Discussion
Nonmetric methods of determining sex from human skeletal remains have been criticized for their lack of objectivity. However, these approaches may present the only option when the skeletal remains are highly fragmentary or have been subjected to taphonomic changes preventing metric analysis. Nonmetric methods are also useful when an appropriate reference sample is not available for metric comparisons. Accurate assessment of sex is necessary to derive other elements of the biological profile; therefore, forensic anthropology analyses depend on reliable methods for estimating sex. Nonmetric techniques are available for sex assessment from the pelvis and the skull; however, the skull is frequently the only element available for analysis (16) . Recent studies have demonstrated a need to modify the current method used to determine sex from the skull, but the same suite of traits continue to be used in casework (3, 6) .
This study provides a decision tree model for nonmetric sex estimation of modern U.S. White crania. The decision tree differs from earlier models (24) in that it uses a combination of the most accurate and reliable Walker (7, 23) traits plus a newly formatted trait with high discriminatory power (zygomatic extension). The most accurate decision tree model derived from the training and cross-validated samples includes three variables: glabella, zygomatic extension, and mastoid process. The decision tree yielded 93.5% accuracy in the training sample of U.S. Whites, 94% in the cross-validated sample, and 96% in a separate validation sample. The nuchal crest, supraorbital margin, and mental eminence were not selected by the model. The reduced number of traits decreases the influence of observer discordance while maintaining higher percentages of correct classifications than previously reported (7, 24) and eliminating the most unreliable variable (mental eminence) documented in this and other studies (3, 6) . The high classification rates support the hypothesis that a decision tree developed from reliable cranial traits with high discriminatory capacity would increase the accuracy of sex estimation from the skull. Traits that can be assessed reliably decrease the incidence of scoring disagreements that produce lower overall sex classifications (6) .
The results of the interobserver agreement analysis echo that of previous research and underscore the importance of referencing definitions and drawings closely when assigning trait scores (6) . The mental eminence consistently performed poorly when included as a branch in the decision tree. It is unclear why the mental eminence is included in the majority of Walker's (7) equations or why this variable performs so well in Stevenson and colleagues' (24) decision trees, but this could be due to differences in the reference samples. Stevenson et al. (24) used Walker's data to develop the decision trees, whereas the decision trees in the current study were developed on modern U.S. Whites from the Bass Collection. Our analysis suggests that the mental eminence cannot be scored reliably regardless of experience level, and we agree with Lewis and Garvin (6) that this trait should be avoided. Furthermore, we stress the importance of evaluating both length and volume when scoring the mastoid process. Lewis and Garvin's (6) results confirm that this trait can be scored with substantial agreement among observers when the definitions are applied correctly. Finally, the inclusion of the zygomatic extension in the model is promising for analyses of fragmentary remains. The temporal bone is one of the most robust areas in the skull due to the dense petrous portion that houses the middle and internal ear structures. Consequently, this bone is often recovered in fragmentary cases and usually present in taphonomically complex scenes (e.g., fires) and archaeological contexts.
One advantage to this decision tree for forensic application is that it was developed on a modern sample (the William M. Bass Donated Skeletal Collection) as opposed to the late 19th and early 20th century U.S. populations and 18th century British population used in previous analyses (7, 24) . Secular change in cranial dimensions in U.S. skeletons has been documented extensively in the literature with warnings that methods developed from nonmodern anatomical collections may not be applicable to modern samples (29) (30) (31) (32) . Furthermore, recent research has documented a decrease in the size of glabella in males and females, an enlarged nuchal crest in modern females, and an overall increase in the sexual dimorphism of the supraorbital margin compared to earlier birth cohorts (33) . This work highlights the importance of building predictive models on appropriate reference samples for the target population. The model presented here is appropriate for the modern U.S. White population on which it was developed, and use on other populations is discouraged, as the accuracy of the model is unknown for these groups. Different populations (geographic and/or temporal) may produce different cutoffs for the levels of the decision tree and may also weight traits differently. With the growing number of donorbased skeletal collections, we hope that validations can be conducted on other populations and, if needed, additional models developed. It is also interesting that none of the females in the validation sample were misclassified. Previous research suggests that a sexing bias favors the female category because robusticity and rugosity take a longer time to develop in male skulls (36) . Consequently, misclassifications more commonly result from gracile males mistaken for females. In light of these issues, the authors encourage validations of the decision tree on cranial samples with ambiguous nonmetric features and the use of the decision tree approach to develop methods for various geographic and temporal populations.
